Abstract. Lake Brunner, an oligotrophic monomictic lake on the West Coast of the South Island of New Zealand, is under pressure from urban expansion and increased farming activity, which has led to concern for the effects on water quality in the lake. Epilimnetic nitrogen, phosphorus and chlorophyll a concentrations have increased since 1992, and Secchi depth decreased. This suggests an increased algal productivity caused by increased nutrient inputs, further supported by increased hypolimnetic oxygen depletion since 1992. These observations are likely to have resulted from enhancement of pasture drainage and effluent inputs from expanding dairy farms. The Vollenweider model predicted a mean phosphorus concentration in the lake close to that observed, from estimated catchment loading, suggesting that the Vollenweider model adequately estimated the retention of phosphorous. With the Vollenweider model the effects of potential future loading scenarios were explored. Modelling suggested that a 70% increase in phosphorus loading could turn the lake into a mesotrophic state. Trend analysis of total phosphorus suggests that, with present land uses in the catchment (intensive dairy farming) continuing to develop at the same rate using the same land management practises, this transition to a mesotrophic state will occur by 2040.
Introduction
Water quality and algal biomass in waterbodies are correlated with the intensity of land use in the catchment, with pastoral agriculture having a stronger impact than native forest or arable and horticultural land uses. Inputs of nitrogen (N) and phosphorus (P) from pastoral agriculture affect lake waters by promoting eutrophication. Typically, shallow lakes are affected strongly by agricultural runoff resulting in highly eutrophic lakes (Marsden 1989) . Studies showing that large, deep lakes in relatively unpopulated areas are affected by agricultural runoff are more rare.
Lake Brunner is the largest lake in the north-western part of the South Island of New Zealand, in the Grey District 30 km inland from Greymouth ( Fig. 1) , with a surface area of 41 km 2 and a maximum depth of 109 m (Spigel 2008) . Lake Brunner is an oligotrophic temperate monomictic lake, stratifying only during summer, and is humic, with a dissolved organic carbon concentration of 2.5 g m À3 (Paerl et al. 1979) . The lake is a popular tourist destination, is held in high esteem by trout fishermen and is a regional centre for freshwater recreation. Most of the catchment is undeveloped native forest and the lake is relatively pristine.
Presently ,20% of the catchment is used for agriculture ( Fig. 1 ) and dairy farms occupy 8% of the catchment (Rutherford et al. 2008) . Pastoral dairy farming is an intensive form of agriculture that is characterised by relatively large export coefficients of N, P, sediment and faecal organisms and has been identified as a major cause of degraded water quality in New Zealand (Wilcock et al. 2007; Quinn et al. 2009 ).
The number of dairy cows and the amount of milk solids produced at farms in the catchment of Lake Brunner increased 29% and 40% respectively between 2001 and 2011 (Fig. 2 ; data from Westland Milk Products, no data available before 2001). The number of dairy cows in the Grey District increased 143% between 1996 and 2007, more than the average increase of 29% in New Zealand over the same period (www.stats.govt.nz).
Average annual rainfall in the Lake Brunner catchment is 3-7 m year early 1990s (McDowell 2008a) . Extensive humping and hollowing has led to concern that nutrients are drained faster to the lake and that increased agricultural runoff from dairy farms in particular may affect the lake's water quality. In view of the enhanced drainage by humping and hollowing, and in view of the increased number of dairy cows in the catchment, we examined the nutrient dynamics in the lake and trends since 1992 when regular water quality monitoring started, and the effect of nutrient loading from the catchment on nutrient status in the lake, in relation to increasing agricultural intensification in the catchment associated with intensive dairy farming.
Methods

Water quality
Depth-integrated water samples were collected with a 25-m tube and Secchi depth was measured at approximately monthly intervals during January 1992 to June 1995 and July 2001 to March 2011 at a central site in Lake Brunner (Fig. 1) . Water samples were analysed by the NIWA water quality laboratories for concentrations of chlorophyll a, total nitrogen (TN), total phosphorus (TP), nitrate (NO 3 N), and dissolved reactive phosphorus (DRP). Ammonia (NH 4 N), particulate nitrogen (PN), particulate phosphorus (PP), total dissolved nitrogen (TDN), and total dissolved phosphorus (TDP) were analysed only since July 2001. Dissolved organic phosphorus (DOP) was estimated as TDP À DRP and dissolved organic nitrogen (DON) was estimated as TDN À (NO 3 N þ NH 4 N). Organic nitrogen was given by TN À DIN, where DIN is dissolved inorganic Burns and Rutherford (1998) .
Estimation of nutrient loading
Nutrient loading from the catchment was estimated as the product of the relationship between flow rate and nutrient concentrations in the main tributaries and estimated daily average inflow rates. Daily average total inflow rates were estimated by difference from the balance of measured daily outflow rates and daily lake level change, rainfall and estimated open water evaporation in the region (see next section). The total inflow was apportioned between the tributaries based on the average of their measured flows. Water quality and flow were measured approximately monthly in three tributaries, the Crooked, Hohonu and Orangipuku Rivers, which make up 74% of the tributary flow into Lake Brunner, in 2003-07 (n ¼ 119). Water quality and flow were also measured occasionally in two other tributaries -the Carew (a small undeveloped catchment) and the Poerua (which flows into the Crooked). Daily nutrient loads in the Crooked, Hohonu and Orangipuku Rivers during 2003-07 were estimated using relationships between nutrient concentrations and measured flow in each of the tributaries, and daily mean inflow rates (see next section). In the remaining tributaries (26% of total inflow) the concentrations of TP and TN were assumed to be equal to the means in the forested catchment of the Carew River and flow independent.
Water balance
The outflow rate (O) was measured at the Arnold Power Station at the outlet of the lake and daily means computed. The annual mean outflow rate was 61.5 m 3 s À1 (Table 1) . Evaporation (E) at Lake Brunner, extrapolated from Penman open water evaporation at Greymouth (NIWA CliFlo climate database, using years 2008-09), 27 km from the centre of Lake Brunner and the nearest site for which evaporation data are available, was estimated to be 909 mm year À1 . This amounts to a rate of 1.18 m 3 s À1 over the full lake area (at Lake Brunner a 1-m lake level change per year in water balance components is equivalent to a flow rate of 1.3 m 3 s À1 ). The annual mean total loss of water (E þ O) was 62.7 m 3 s À1 . Evaporation amounted to only 1.9% of the total water balance of Lake Brunner.
Mean annual rainfall (I R ) on the lake computed from the means of Arnold Power Station (for 1940-94) , Mitchells (1988-93) , Te Kinga (2006 ), and Inchbonnie (1940 -2010 , NIWA CliFlo climate database) was 3784 mm, amounting to a mean flow rate of 4.93 m 3 s
À1
. Rainfall contributed 7.9% of the annual water budget. Monthly mean rainfall was high throughout the year, between 325 and 385 mm month À1 in May-June and September-January, and between 250 and 300 mm month À1 the rest of the year. Rainfall in the catchment increased with altitude. Of the four sites, only at Inchbonnie was rainfall recorded for most of the period since 1992. At Inchbonnie and two other sites ,30 km away from the centre of the lake annual total rainfall did not change significantly since 1992 (P , 0.05).
The lake level changed, on average, 39 cm between the minimum in March and the maximum in October (with data available since 1969). Although the annual mean lake level increased significantly since 1969 (P , 0.00001) by nearly 70 cm, and ,25 cm since 1992 (P , 0.01), the outflow rate did not change significantly (the lake has a dam at its outlet). The increase in annual mean lake level amounted to an average 0.02 m 3 s
, insignificant relative to the mean outflow rate of 61.5 m 3 s
. However, on a daily basis, the change in volume (D) was taken into account in the estimation of the total inflow to the lake. The volume change averaged ,1 m 3 s À1 between minimum and maximum lake level.
Mean annual total input of water to the lake from the catchment by rivers and groundwater was:
There was no strong seasonality to tributary inflow rates (Fig. 3) . Mean monthly total inflow rates were between 50 and 70 m 3 s
most of the year, with higher flows in June and October (80-90 m 3 s À1 ) as a result of higher rainfall in those months.
Results
Description of lake thermal characteristics and seasonal stratification Surface temperatures varied by ,108 and were typically lowest in August and highest in February (Figs 4a, 5a). The 
thermocline, when present, generally centred at 25 m depth in October-February, slightly deeper in March-June, and was absent in July-September. By July or August the water column was isothermal, allowing the lake to overturn. Bottom water temperature increased ,0.58C during the stratified months, between October and June, suggesting that vertical mixing of the full water column continued at a slow rate during this season, followed by cooling of the bottom water during most, but not all, winters. Bottom water temperatures peaked around 1998-2000. There was a strong relationship between day of the year and temperature at 1 m (R 2 ¼ 0.91, fifth-order polynomial) ( Fig. 5a ) and the temperature difference between 1 and 90 m depth (R 2 ¼ 0.91). The temperature difference between surface and bottom water is a measure of the stability of the water column as a result of stratification, which is zero during winter overturn and maximum during summer. As a result of interannual differences in the seasonal trend in bottom water temperature there was no significant relationship between day of the year and temperature at 90 m depth (R 2 ¼ 0.03) (Fig. 5b) or 100 m depth (R 2 ¼ 0.04). Temperature at 1 m depth did not change significantly from 1992 (P . 0.05), also not after removing seasonal variability by computing the residuals of fifth-order polynomial fits. There was also no significant trend in the temperature difference between 1 and 90 m depth (Fig. 4b) , with or without removing seasonality (P . 0.05).
Oxygen concentrations
Lowest oxygen concentrations at 100 m depth were ,6-7 mg L À1 and at 70 m depth ,8 mg L À1 . Oxygen concentrations at 70-100 m depth were typically highest in October, and they were lowest in June towards the end of the stratified period (Fig. 6 ). In part because of the sudden and rapid shift in oxygen concentration around October when hypolimnetic oxygen was replenished by vertical mixing the fit of the relationship between day of the year and the oxygen concentration, using polynomials (R 2 ¼ 0.42-0.48) was not strong.
Lake nutrient status
The lake is oligotrophic, as defined by its low TP and chlorophyll a concentrations (Table 2 ; Fig. 7) . The boundary between oligotrophic and mesotrophic states in lakes is considered to be at 10 mg TP m
À3
, whereas 30 mg TP m À3 separates mesotrophic from eutrophic lakes (Vollenweider 1976; Kalff 2003) . The average concentration of TN classifies Lake Brunner among oligotrophic lakes as well (Wetzel 2001) . The total P concentration is generally considered the most important of these indicators of trophic state.
Trends in lake nutrient concentrations and proxies of organic matter Significant increases occurred in epilimnetic concentrations of chlorophyll a, TN, TP, and NO 3 N since 1992, whereas Secchi depth decreased (Table 3 ; Fig. 7 ). Absorption coefficients measured at 340 and 440 nm increased significantly since 2003 (Table 3 ; Fig. 8 ), suggesting an increase in the concentration of coloured dissolved organic matter (CDOM). If the increase of total P continues at the same rate the transition to a mesotrophic state will occur by 2040. DRP was often below the detection limit, making regression meaningless. The explained amount of variation with time was highest for TN (R 2 ¼ 0.40, without adjusting for variability explained by seasonality). The slope of the increase from 1992 to 2011 in TN excluding NO 3 N (TN -NO 3 N; mostly organic nitrogen) was similar to that of NO 3 N (2.2 and 1.2 mg m À3 year À1 , respectively). TN concentration was 45% higher in 2008-10 than in 1992-94, while TP and chlorophyll a concentrations increased 27% and 82% respectively.
Using the linear regressions (Fig. 7 ) between 1992 and 2011, NO 3 N and TN increased by the same amount, 55%. TP increased by 39% and chlorophyll a by 79%. Although the proportional increase in TN was higher than in TP, there was no significant increase in the TN : TP ratio.
Oxygen depletion rates in the hypolimnion during the stratified season, estimated as the difference in concentration between the maximum (generally in August-October) and the following minimum (in May-July), divided by the number of days, increased with depth. Oxygen depletion at 90 m depth increased significantly since 1992 (P , 0.001, n ¼ 9) (Fig. 9) . Similar results were found at 70 (P , 0.01, n ¼ 9), 80 (P , 0.005, n ¼ 9) and 100 m (P , 0.005, n ¼ 9) depth. However, there was no evidence for a long-term decline in bottom water oxygen concentrations (Fig. 6) . Oxygen concentrations at 70-100 m depth in any of the months January-June (n ¼ 7-11) or in April-June (n ¼ 24) did not decrease significantly from 1992 to 2010. It may be that the period over which oxygen depletion occurs in the hypolimnion has become shorter, followed by a period of relatively little change such as occurred, for instance, in January-June 2010 (Fig. 6 ), resulting in a faster estimated rate of depletion but not necessarily in lower oxygen concentrations. Using the same months, October and June (but note that in these months oxygen concentrations were not always at their maximum or minimum, respectively, see above), to estimate oxygen depletion in each year allowed only six estimates instead of nine and did not show a trend of increased oxygen depletion.
Nutrients in inflowing rivers
The mean yields from the catchment in 2003-07 estimated from daily inflow rates, tributary concentrations and flowdependent relationships were 0.60 kg TP ha À1 year À1 and 12.5 kg TN ha À1 year À1 (Table 4) . TP and TN specific yields were highest in the Orangipuku River (0.93 kg TP ha À1 year
À1
and 21 kg TN ha À1 year
), the most intensively farmed catchment. Total annual yields were 497 t year À1 TN and 23.8 t year À1 TP. TP and TN concentrations varied only weakly with flow in the forested catchment (Carew River) and in lake outflows (Poerua River). TP concentrations varied strongly with flow in tributaries draining farmland (Fig. 10) . TN concentrations varied less with flow than TP in tributaries draining farmland. Flow-weighted TN : TP ratios for the Poerua, Crooked, Hohonu, Carew and Orangipuku rivers were 23, 33, 57, 58, and 66 mol mol À1 respectively (Fig. 10) . The ratio was lowest in the Crooked and Poerua rivers (the latter is part of the Crooked subcatchment), which together make up 61% of the land area in the Brunner catchment and supply 53% of the river flow into the lake. The TN : TP ratio decreased further in the Crooked-Poerua with increasing flow rates (Fig. 10) , as a result of increasing TP concentrations. The TN : TP ratio was highest in the catchment of the Orangipuku River (TN : TP ¼ 66 mol mol À1 ), which drains only 11% of the catchment but is the most intensively developed catchment.
The total area in dairy farming in the catchment of Lake Brunner is 3432 ha (2003-07 data) . This is 54% of the total area of high-producing exotic grassland in the catchment. On the basis of the Land Cover Database, 35% of the Orangipuku catchment area is high-producing exotic grassland while the Crooked-Poerua catchment contains 18% high-producing exotic grassland. The proportions in dairy farming in the Crooked-Poerua and Orangipuku catchments are 54 and 69%, respectively, of the areas in high-producing grassland.
In the Orangipuku River TN concentrations were highest (mean 402 TN mg m À3 , compared with a mean 85-268 TN mg m À3 for the other rivers). However, its TP load was relative modest (mean 12 mg TP m À3 , compared with mean 3.5-35 mg TP m À3 for the other monitored rivers), resulting in high TN : TP ratios. TP concentrations were lowest in the Carew and Hohonu Rivers, which drain the least developed catchments (mean 4 mg TP m À3 ), 6-fold less than in the more developed Crooked-Poerua catchment. TN : TP ratios in the Carew and Hohonu rivers were intermediate (58 and 57 mol mol À1 ). In the three rivers draining the more developed catchments, DIN was a larger proportion of TN (27, 54 and 80% respectively in the Poerua, Crooked, and Orangipuku, flow weighted) compared with the Hohonu River and the forested catchment of the Carew (22 and 13% respectively). In the Hohonu and Carew Rivers a larger share of TN (67 and 84% respectively) was accounted for by DON than in the Poerua, Crooked, and Orangipuku (18, 31 and 15% respectively), while in the lake DON was 34% of TN.
Discussion
Nutrient loading to the lake and predicted lake P concentrations The relationship between P concentration in lakes and the loading rate (Fig. 11) is commonly predicted by the equation (Vollenweider 1976) where L p is the loading rate of P per area of the lake surface (mg m À2 year À1 ), equal to total annual load (mg year À1 ) divided by the lake surface area (m 2 ), q s is the hydraulic load (m year À1 ) and T w is the hydraulic residence time (Table 1 mean P concentration in the lake close to that observed ( Table 2 ), suggests that the Vollenweider equation adequately models the retention of P in the lake (Nürnberg 1984; Ahlgren et al. 1988) . There are no data on atmospheric nutrient inputs (rainfall þ dry fall directly on the lake) to Lake Brunner but they are expected to be small relative to the catchment inputs. The total mean loading in the lake from the catchment amounted to 497 t TN year À1 and 23.8 t TP year À1 . Typical rates of atmospheric deposition on the North Island of New Zealand of 3-6 kg TN ha À1 year À1 (Schouten 1983; Timperley et al. 1985) and 0.2 kg TP ha À1 year À1 (Schouten 1983) would add 2-5% and 3%, respectively, to the total N and P loading in the lake. Rates of deposition of inorganic N and P are substantially lower on the South Island (Nichol et al. 1997) . Organic deposition data are not available for the South Island but are less than 50% of total atmospheric deposition in the North Island (Schouten 1983; Timperley et al. 1985) .
The average inflow TP concentration for all inflows (total load divided by total inflow rate) was 13.1 mg TP m
À3
. The two major river systems that drain dairy farmland in the Lake Brunner catchment have mean concentrations of 12.5 mg TP m À3 (Orangipuku) and 20.0 mg TP m À3 (Crooked). The average loading rate per area of the catchment (land only) of 0.60 kg P ha À1 year À1 compares well with published yields, which lie in the range 0.5-1 kg P ha À1 year À1 (Menneer et al. 2004) . Equation 2 (Fig. 11) suggests a mean concentration in the tributaries of 14.4 mg TP m À3 following from a TP concentration in the lake of 6.5 mg m À3 and the hydraulic loading and mean residence time in Table 1 . This estimate of mean inflow concentration compares well with the concentration that follows from the estimated catchment yield.
The critical loading (L c ) in terms of mean P concentrations in the inflow beyond which the lake is expected to become mesotrophic (Kalff 2003) with [P] lake .10 mg m À3 , is:
which is equivalent to 1.03 kg P ha À1 year À1 per unit land area in the catchment. This is ,1.7 times the present rate of P loading.
The two main rivers draining dairy farm catchments, the Crooked River and the Orangipuku River, contribute 38.5 m 3 s À1 to the lake out of a total inflow of 57.8 m 3 s
À1
(67%), and transport 18.2 t P year À1 to the lake (77% of total P load), and 278 t N y À1 (56% of total N load). Their volume weighted mean TN : TP ratio of 34 mol mol À1 was lower than the average in the inflows (46 mol mol
). In particular, the Crooked River discharges relatively more P into the lake, compared with N, than the remainder of the lake's catchment.
Changes in primary productivity and oxygen consumption Chlorophyll a, epilimnetic nutrient concentrations (Fig. 7) and absorption coefficients at 340 and 440 nm (Fig. 8) have increased since 1992, and there has been a corresponding decrease in Secchi depth (Fig. 7) . Light absorption at 340 and 440 nm is an indicator of CDOM concentrations (Davies-Colley and Nagels 2008). Reduced Secchi depth is likely the result of the combination of increased chlorophyll a and increased CDOM. Both CDOM and nutrient concentrations in the lake may be enhanced by enhanced drainage from dairy farms. While it is likely that increased algal biomass is due to increased nutrient inputs, at present it is not possible to decide to which extent the change in Secchi depth has been the result of increased algal biomass, or the result of increased inputs of CDOM. An effect of high CDOM (Paerl et al. 1979 ) and nonalgal turbidity on water clarity may explain why, while nutrient concentrations suggest an oligotrophic status for the lake, the Secchi disk depth (mean 5.4 m: Table 2 ) suggests a state closer to that of a mesotrophic system (Lind 1986) . The lack of a significant trend in the temperature difference between 1 and 90 m depth suggests there is no evidence for a long-term change in vertical mixing. Therefore the increase in epilimnetic nutrient concentrations since 1992, in particular of NO 3 , is not a result of a change in vertical mixing. Regional long-term oscillations in rainfall, linked to cyclical climate controls, can result in cycles with timescales in the order of decades in runoff and export of DOC and nutrients from the catchment to the lake. Such long-term cycles in rainfall can result in long-term cycles in transparency and productivity in lakes (Gaiser et al. 2009 ). However, there was no evidence for an increase in rainfall in the catchment affecting Lake Brunner's water quality through increased export of nutrients from the catchment to the lake (our results and Wilcock et al. 2013) . Therefore, increased intensification of land use through development of dairy farms, coupled with rapid drainage from humping-and-hollowing is likely to be the major cause of increased nutrient concentrations and algal productivity in Lake Brunner.
The average oxygen consumption at 70-100 m depth during the summer was 10-15 mg O 2 m 3 day
. Oxygen consumption in the hypolimnion is crucial for the relations between nutrient loading, epilimnetic nutrient and chlorophyll a concentrations, Secchi depth, algal biomass and rates of primary productivity. At present the hypolimnion in the centre of the lake is well oxygenated throughout the year, suggesting little release of P from sediments. Between October and May an oxygen consumption rate in bottom water of ,70 mg m 3 day À1 would be required to result in anoxia, or about 5-fold the present rate of oxygen consumption.
Vollenweider relationships between TP concentrations in inflows and in the lake (Eqn 2 and Eqn 3) were based on lakes with oxygenated bottom waters. In lakes where part or all of the bottom temporarily or permanently becomes anoxic, the method would underestimate TP concentrations in the lake. When external P loading and lake productivity exceed a certain threshold, resulting in reduced oxygenation of bottom water by sedimentation of organic matter, a smaller proportion of P will be permanently buried and additional inputs to the water column of dissolved P will appear through release of P from the sediments (Nürnberg 1984) .
Oxygen concentrations in the hypolimnion were consistently drawn down in each warm stratified season, although the oxygen concentration usually remained above 6 g m À3 (,55% saturation; the lowest value was usually reached in May or June). Throughout the stratified season the decrease in oxygen concentration over time was linear (R . 0.94 between 1992 and 1995; see Burns and Rutherford 1998) , suggesting a constant rate of oxygen consumption.
The relation between rates of primary productivity as predicted from P loading rates is non-linear, as a result of selfshading by high algal biomass at high levels of productivity (Wetzel 2001) . Primary productivity in Lake Brunner is estimated to be ,85 g C m À2 year À1 , following from an equation in Wetzel (2001) , using P loading rates (with [P] i for the mean inflow concentration) and residence time: 
Real primary productivity may be lower as a result of light limitation by high CDOM. However, it is probably not substantially lower because the predicted algal production of 85 g C m À2 year À1 agrees well with the estimated oxygen consumption. The oxygen consumption, ,6.3 mol O 2 m À2 year
(taking a mean oxygen consumption of 10 mg O 2 m 3 day À1 , and a mean water column of 55 m) is nearly equal to predicted primary productivity (7.1 mol C m À2 year À1 ). Taking into account a respiration quotient of 1.2 suggests 8.5 mol O 2 is needed to respire 7.1 mol organic C. The difference of 35% with the annual O 2 consumption is accounted for by burial of organic C in the sediments, loss of organic matter by the outflow, and by error in the estimate of annual O 2 consumption. On the other hand, it may be that actual primary productivity is lower in Lake Brunner than predicted by Eqn 4 because of light attenuation by CDOM, potentially resulting in a substantial component of O 2 consumption to be explained by respiration of allochthonous CDOM.
Primary productivity in Lake Brunner is probably sensitive to increases in P loading because of the large difference between the N and P concentrations, with high NO 3 : DRP (274) and TN : TP (69 : 1) ratios relative to the average stoichiometric demand (16 : 1) of phytoplankton for productivity (Paerl et al. 1979; Wetzel 2001) . Unless light limitation overrides nutrient limitation in Lake Brunner, a very swift response to increased P loading is expected by increased growth rates of phytoplankton rapidly assimilating available P entering the lake.
While Flint (1975 ) (in Paerl et al. 1979 reported Anabaena in Lake Brunner, Paerl et al. (1979) found no cyanophytes and found diatoms to dominate the phytoplankton. The low concentration of P compared with N probably prevents the occurrence of blooms of N-fixing cyanobacteria in Lake Brunner.
Bottom water temperature peaked around 1998-2000 and decreased since then, suggesting, in general, enhanced mixing and cooling during winters after 1999. The reason behind the maximum in bottom water temperature in 1998-2000 and reduced vertical mixing is probably the unusually warm air temperatures and sea surface temperatures occurring in the region at that time (Sutton et al. 2005) . Decreased vertical mixing in 1998-2000 has also been observed in other New Zealand lakes (unpubl. data).
Conclusions
Increasing chlorophyll a concentrations since 1992 suggest increased algal productivity, probably due to increased nutrient inputs, indicating that land use may have deteriorated the water quality in the lake. The increased nutrient concentrations may be the result of an increase in the number of dairy cows and of enhanced drainage of dairy pasture in the catchment. Increased algal productivity is consistent with an apparent increase in the hypolimnetic oxygen depletion rate since 1992, suggesting that the amount of organic matter remineralised in the hypolimnion has increased. An estimated mean oxygen consumption in the hypolimnion of ,10-15 mg O 2 m 3 day À1 was consistent with an estimated primary productivity of 7 mol C m À2 year
À1
. The critical mean TP concentration in the lake inflows that will cause the lake to shift from its current oligotrophic state to a mesotrophic state is 22.5 mg m À3 , amounting to a 1.7-fold increase of the present rate of P loading, as suggested by the Vollenweider relationship based on residence time. Based on an estimated yield of 2.4 kg P ha À1 year À1 from the 16% highproducing exotic grassland in Lake Brunner's catchment and 0.1 kg P ha À1 year À1 from the remainder (Rutherford et al. 2008) , a change to a mesotrophic state would be brought about by a doubling of the area used by dairy farming, unless mitigations are successfully applied to substantially reduce the P yield from dairy farms.
TP and TN specific yields were highest in the Orangipuku River (0.93 kg P ha À1 year À1 and 21 kg N ha À1 year À1 ), the most intensively farmed catchment. Lake Brunner is vulnerable to changes in P loading, because of the large difference between the N and P concentrations relative to the stoichiometric demand of phytoplankton productivity. The two major streams draining dairy farms contribute 85% of the lake's total P load. A monitoring study (Wilcock et al. 2013) has been underway in one of the dairying subcatchments of the Lake Brunner catchment since 2004. Results have shown very high catchment losses of P and N towards the lake that are well above average for intensively farmed land elsewhere in New Zealand. These losses are undoubtedly driven by the very high rainfall in the area (on average 3.8 m per year) and are likely enhanced by on-farm engineering to improve drainage. In view of the strong P limitation throughout the year in the lake, as suggested by N : P ratios, managing the P in the runoff from dairy farms is important for controlling algal productivity and the water quality of Lake Brunner.
